The hippocampus is reciprocally connected with the entorhinal cortex. Although several studies emphasized a role for the entorhinal cortex in mesial temporal lobe epilepsy (MTLE), it remains uncertain whether its synaptic connections with the hippocampus are altered. To address this question, we traced hippocampo-entorhinal and entorhino-hippocampal projections, assessed their connectivity with the respective target cells and examined functional alterations in a mouse model for MTLE. We show that hippocampal afferents to the dorsal entorhinal cortex are lost in the epileptic hippocampus. Conversely, entorhino-dentate projections via the medial perforant path (MPP) are preserved, but appear substantially altered on the synaptic level. Confocal imaging and 3D-reconstruction revealed that new putative contacts are established between MPP fibers and dentate granule cells (DGCs). Immunohistochemical identification of pre-and postsynaptic elements indicated that these contacts are functionally mature synapses. On the ultrastructural level, pre-and postsynaptic compartments of MPP synapses were strongly enlarged. The length and complexity of postsynaptic densities were also increased pointing to long-term potentiation-related morphogenesis. Finally, wholecell recordings of DGCs revealed an enhancement of evoked excitatory postsynaptic currents. In conclusion, the synaptic rearrangement of excitatory inputs to DGCs from the medial entorhinal cortex may contribute to the epileptogenic circuitry in MTLE.
Introduction
Mesial temporal lobe epilepsy (MTLE) is the most common form of focal epilepsy in adults, in which seizures typically originate from the mesio-temporal limbic network (Engel 2001; Cendes et al. 2002) . The majority of MTLE cases is associated with unilateral hippocampal sclerosis (Mathern et al. 1997; Menzler et al. 2011 ) characterized by neuronal cell loss, gliosis, and granule cell dispersion (Margerison and Corsellis 1966; Houser 1990; Haas et al. 2002) . Epileptic seizures and the described neuropathological features have been recapitulated in the intrahippocampal kainate (KA) mouse model of MTLE (Suzuki et al. 1997; Bouilleret et al. 1999; Heinrich et al. 2006; Häussler et al. 2012; Marx et al. 2013 ). In this model, several studies have shown that the sclerotic region is important for seizure initiation and propagation (Le Duigou et al. 2008; Pallud et al. 2011; Krook-Magnuson et al. 2013; , but the entorhinal cortex is also thought to participate in seizure generation by triggering, reverberating, and amplifying seizure activity through its reciprocal connections with the hippocampus (Bragin et al. 1999; Schwarcz et al. 2000; Vismer et al. 2015) . In fact, degeneration of Layer III principal neurons was reported for the medial entorhinal cortex (MEC) in both human patients and systemic rodent models for TLE (Du et al. 1993 (Du et al. , 1995 , which might also contribute to memory impairment (Schwarcz and Witter 2002; Laurent et al. 2015) . The loss of these neurons and their afferent temporoammonic fibers cause hyperexcitability of CA1 pyramidal cells (Wozny et al. 2005 ) and increase also excitability and output of MEC Layer II principal neurons (Kobayashi et al. 2003; Tolner et al. 2007) , which project to the hippocampus via the medial perforant path (MPP).
Given that dentate granule cells (DGCs) receive 80-90% of their excitatory input through the perforant path (Matthews et al. 1976a (Matthews et al. , 1976b Steward and Vinsant 1983; Pernia-Andrade and Jonas 2014) , several studies emphasized its role in human MTLE (Schwarcz and Witter 2002; Bartolomei et al. 2005 ) and in animal epilepsy models (Du et al. 1995; Kobayashi et al. 2003; Scimemi et al. 2006; Kumar and Buckmaster 2006) . Although excitatory entorhinal input is strongly attenuated along the somato-dendritic axis of DGCs (Krueppel et al. 2011) , it was shown that prolonged high-frequency stimulation of the perforant path causes loss of mossy cells and interneurons, leading to chronic epilepsy in mice (Kienzler et al. 2006 (Kienzler et al. , 2009 . Correspondingly, transection of the perforant path following status epilepticus attenuated cell death of somatostatin-containing interneurons in rats systemically injected with KA (Jolkkonen et al. 1997 ). These studies highlight the critical role of entorhinal inputs in the pathophysiology of MTLE. Moreover, work from Froriep et al. (2012) performed in the intrahippocampal KA model of MTLE revealed a temporal mismatch in theta-coupled activity between the MEC and the dentate gyrus, which has been hypothesized to lead to pathological plasticity of the MPP. Therefore, we asked whether the synaptic connectivity of the entorhinal-hippocampal network is altered in chronic epilepsy.
To this end, we traced the afferent and efferent fiber pathways between the hippocampus and the entorhinal cortex in chronically epileptic mice and analyzed structural and functional synaptic plasticity in this network, with a major emphasis on the MPP. We present evidence that in the epileptogenic region of the hippocampus, CA1 efferents to the dorsal entorhinal cortex are lost, whereas afferents via the MPP are preserved. We show that this entorhinal projection to the dentate gyrus is substantially altered on the level of individual synapses. Both long-term potentiation-like morphogenesis and reactive synaptogenesis are likely involved in strengthening the MPP, which might prime the hippocampus to generate epileptiform activity.
Materials and Methods

Animals
Experiments were performed with adult (9-12 weeks) male C57Bl/6N (CharlesRiver, Sulzfeld, Germany) or transgenic mice in which EGFP is expressed under the control of the Thy1 promoter (M-line, C57BL/6 background; Feng et al. 2000) . Mice were kept at room temperature (RT) in a 12 h light/dark cycle providing food and water ad libitum. All animal procedures are in accordance with the guidelines of the European Community's Council Directive of 22 September 2010 (2010/63/EU) and were approved by the regional council.
Kainate Injections and Validation of Epilepsy
Mice were intrahippocampally injected with KA as described previously (Heinrich et al. 2006; Häussler et al. 2012) . In brief, anesthetized mice (ketamine hydrochloride 100 mg/kg, xylazine 5 mg/kg, atropine 0.1 mg/kg body weight, i.p.) were stereotaxically injected with 50 nL of 20 µM KA (Tocris, Bristol, UK) in 0.9% saline into the right dorsal hippocampus [coordinates relative to bregma: anterioposterior (AP) = −2.0 mm, mediolateral (ML) = −1.5 mm, dorsoventral (DV) = −1.8 mm]. Controls were injected with 0.9% saline. After recovery from anesthesia, behavioral status epilepticus was verified by observing mild convulsion, chewing, or rotations as previously described (Riban et al. 2002; Heinrich et al. 2006) .
Only mice that showed a behavioral status epilepticus and granule cell dispersion were regarded as epileptic, since both features are considered as pathological hallmarks for the development of epilepsy in KA-injected C57Bl/6 mice (Bouilleret et al. 1999) . We further validated this relationship for transgenic Thy1-EGFP mice using intrahippocampal EEG recordings (see Supplementary Fig. 1 ).
Anterograde and Retrograde Axonal Tracing
Fourteen days after KA/saline injection, mice were anesthetized (see above) and stereotaxically injected with biotinylated dextran amine (BDA, 10.000 MW, Molecular Probes, Invitrogen, Carlsbad, USA) into the right hippocampal CA1 region (coordinates from bregma: AP = −2.0 mm; ML = −1.3 mm; from cortex surface: DV = −1.15) or into the right MEC (coordinates from bregma: ML = −2.9 mm; from transverse sinus: AP = +0.2 mm; from cortex surface: DV = −2.0 and −1.5 mm; injection angle: 9°) by iontophoresis (5 µA, 7 s on/off pulses, 30 min). Micropipettes (G150TF-4, Warner Instruments Inc., Reutlingen, Germany) with a tip diameter of around 20 µm were used as injection pipets. For retrograde tracing of CA1 efferents, 0.1 mL of 2% FluoroGold (Molecular Probes) was applied by pressure injection into the right MEC (coordinates from bregma: ML = −2.9 mm; from transverse sinus: AP = +0.2 mm; from cortex surface: DV = −1.5). Seven days after BDA or FluoroGold injection (21 days following KA), mice were sacrificed, allowing sufficient transport of the tracer. In experiments carried out to investigate cell death induced by the BDA infusion, mice were sacrificed the next day.
Perfusion and Tissue Preparation
Mice were anesthetized (see above) at 21 days (or 15 days for Fluoro-Jade B experiments) after KA injection and transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4) for 5 min. Postfixation was performed in the same fixative overnight at 4°C. For electron microscopy, tissue perfusion and postfixation were performed with a solution containing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M PB. Brains were subsequently cut (sagittal plane, 50 µm) on a vibratome (VT1000S, Leica, Bensheim, Germany).
Immunohistochemistry and Histology
For immunofluorescence staining, free-floating sagittal sections were pretreated with 0.25% TritonX-100 in 1% bovine serum albumin for 1 h. Subsequently, serial tissue sections were either directly incubated with Streptavidin-Alexafluor 546 (1:1000, Molecular Probes) for 2.5 h to detect BDA or with the following primary antibodies at 4°C overnight: guinea pig anti-NeuN (1:500, Synaptic Systems, Göttingen, Germany), guinea pig anti-vGlut-1 (1:1000, Synaptic Systems), or rabbit anti-PSD-95 (1:1000, Abcam, Cambridge, UK). For detection, Cy3-or Cy5-conjugated secondary donkey anti-guinea pig or goat anti-rabbit antibodies (1:200, Jackson ImmunoResearch Laboratories Inc., West Grove, USA) were used. All secondary antibodies were applied for 2.5 h at room temperature followed by rinsing in 0.1 M PB for 6 × 15 min. Counterstaining was performed with DAPI (4′,6-diamidino-2-phenylindole; 1:10.000, Roche Diagnostics GmbH, Mannheim, Germany). Sections were mounted on uncoated glass slides and coverslipped with ProLong Gold (Molecular Probes) the next day.
Fluoro-Jade B (FJB, Millipore, Schwalbach, Germany) staining was performed to investigate cell death in the MEC 1 day following BDA infusion (15 days post KA), by incubating sections mounted on gelatin-coated glass slides with 0.06% potassium permanganate solution for 15 min, followed by 0.0004% FJB solution for 30 min. Sections were then rinsed in xylene and coverslipped with Hypermount (Thermo Fisher Scientific, Dreieich, Germany).
For ultrastructural analysis of double-labeled MPP synapses in BDA-traced Thy1-EGFP mouse brains, free-floating sagittal sections were preincubated with 20% normal goat serum in 50 mM Tris-buffered saline for 1 h, followed by incubation with rabbit anti-GFP (1:5000; Abcam) at 4°C overnight. Tissue sections were then incubated with goat anti-rabbit 1.4 nm gold-coupled secondary antibody (1:100, Nanogold; Nanoprobes, Stony Brook, USA) at 4°C overnight. Immunogold labeling was enhanced with HQ silver kit (Nanoprobes) the next day. Subsequently, brain sections were incubated with avidinbiotin-complex reagents (ABC Vectastain Elite Kit, Vector Laboratories Inc., Burlingame, USA) at 4°C overnight and stained with 3,3′-diaminobenzidine (DAB; Sigma-Aldrich GmbH, Steinheim, Germany). The sections were then osmicated with 0.5% OsO 4 in 0.1 M PB for 30 min, stained with 1% uranyl acetate in 70% ethanol for 30 min, dehydrated in graded ethanol, and flat-embedded in epoxy resin (Durcupan ACM, Fluka; SigmaAldrich, Gillingham, UK). Finally, ultrathin sections were trimmed to the molecular layer and cut with a diamond knife.
Image Acquisition and Morphometric Analysis
Epi-fluorescence Microscopy and Densitometry To investigate mesoscale reorganization of the MPP, brain sections from BDA-traced C57Bl/6 mice were stained for BDA and DAPI and analyzed with an Axioplan 2 microscope (Zeiss, Göt-tingen, Germany). Photomicrographs in ×10 magnification were taken with a digital camera (MRm3, Zeiss) from 3 consecutive sections next to the KA/saline injection site and processed with AxioVision software (Zeiss). Additionally, photomicrographs of the BDA-injected MEC were taken. Identical exposure times were used for all photomicrographs allowing comparison between sections and experiments.
Fiji ImageJ software (Schindelin et al. 2012 ) was applied to measure the width of the granule cell layer (GCL) as well as the width and the optical density of the MPP at 6 vertically aligned positions (upper and lower blade of the dentate gyrus, 3 positions each), using straight lines crossing radially the GCL and the BDAlabeled MPP fibers. Furthermore, the extent of BDA infusion was measured in the section displaying the deepest tip of the injection cannula. Defining sharp borders of the diffused BDA was achieved by thresholding the signal at 30% of the global maximum and subsequent maximization of the remaining signal. This procedure allowed to retrace the area of the tissue covered by BDA precisely. A spherical injection was assumed, since tracer diffusion is likely to be equal in all directions. The infusion of BDA was regarded as successful, when the tip of the injection cannula was located in the dorsal MEC within the following stereotaxic borders from bregma: ML = −2.8 to −3.0 mm; DV = −1.7 to −3.0 mm. Animals were disregarded for quantitative analysis, when either the injection site was located outside of these defined borders or displayed no BDA signal at the injection site.
For densitometry, gray-scale pictures displaying only the BDA signal were used, in which the mean intensity (arbitrary units) was measured along the crossing lines. The mean optical density was calculated for each mouse and subsequently normalized to the corresponding area covered by the tracer in the MEC, accounting for variations in tracer infusions between animals. To obtain comparable, normalized values, we applied the following factor: F = (A (BDA) /10 5 ) × (m sal /m KA ). In which A (BDA) is the area covered by the infused BDA (measured in µm 2 ) and m sal and m KA are the mean values of the optical density from the saline and the KA group, respectively. This factor was also applied to normalize the number of MPP varicosities and putative MPP contacts with dendritic spines mentioned below, but with m sal and m KA being the mean group values of the corresponding measurement.
Alternatively, we analyzed our data in a pair-wise manner. For this, pairs of saline-and KA-injected mice were selected, that matched best regarding the size of DBA infusion. The location of the BDA injection site was comparable in all mice chosen for quantitative analysis. Subsequently, nonnormalized values for the MPP optical density, the number of varicosities, and putative contacts with spines were compared between these matched pairs.
To rule out increased vulnerability of MEC neurons to mechanical stress or toxic effects resulting from the BDA infusion under epileptic conditions, FJB staining was performed on brain sections (3 per animal) parallel to the injection tract. We analyzed photomicrographs from the section displaying the tip of the injection cannula and the 2 adjacent sections in the mediolateral plane. Images were transferred to Fiji ImageJ, and FJB-labeled cells were counted manually within a region-of-interest (ROI) of 200 × 200 µm 2 . For the first image, the ROI was centered at the tip of the injection shaft. For the 2 adjacent images, the same ROI was defined and cells were counted in a comparably sized area but centered to the incision site of the cannula. In addition, the entorhinal cytoarchitecture was further investigated in NeuN-stained sections. Three photomicrographs of the dorsalto-intermediate MEC were taken per animal. Subsequently, NeuN-positive cells were automatically quantified using the "Analyze particles" tool in Fiji ImageJ. To optimize cell counts, NeuN clusters were first separated by the "Watershed" tool, and only particles larger than 50 pixels were detected.
Confocal Imaging, 3D-Reconstruction, and Co-Localization Analysis For quantitative morphometry and evaluation of putative MPP synaptic input on DGC dendrites, confocal z-stacks were acquired from brain sections next to the injection site with an Olympus FV10i confocal laser scanning microscope (Olympus Deutschland, Hamburg, Germany) using a ×60 oil-immersion objective at high resolution (1024 × 1024 pixel; 8× frame-average). A z-step size of 0.61 µm was applied satisfying the Nyquist criterion. This setup was used for all experiments using confocal microscopy hereafter. Following deconvolution with Huygens Core (Scientific Volume Imaging B.V., Hilversum, Netherlands), for each mouse 2 to 4 stacks from the upper and lower blade of the dentate gyrus were analyzed using Imaris 7.7.1 software (Bitplane AG, Zurich, Switzerland). For the EGFP channel, a Gaussian filter (window size: 0.14 µm) was applied to compensate for local differences in EGFP expression along the dendritic shaft. Hereafter, 6 individual EGFP-positive dendritic segments, residing within the termination field of BDA-labeled MPP fibers, were reconstructed in each z-stack using the filament tracer. Spines were automatically detected along the reconstructed dendrite (see Supplementary  Table 1 for applied parameters) and morphologically categorized using the MATLAB plug-in "classify spines" in ImarisXT. Following reconstruction, spines were analyzed for close apposition with putative MPP boutons (see Supplementary Fig. 2 ). In brief, the BDA signal was first thresholded at 16% of the global maximum intensity to ensure that only brightly stained axonal varicosities were regarded. The resulting profiles represent putative "MPP boutons" and were automatically counted in a defined ROI of 160 × 40 × 20 µm 3 to determine their density. Furthermore, the proportion of MPP boutons that co-localized with spines was reconstructed and considered as putative "MPP contacts." From this data set, several parameters were retrieved: 1) Density and volume of putative MPP boutons, 2) the density and the fraction of putative MPP contacts along the dendrite, and 3) the relative size of the putative MPP contact, calculated as the ratio between the area of the spine surface and the contact area. The number of putative MPP boutons and contacts as well as the relative contact size per dendrite were normalized, because these values are dependent on the extent of the tracer infusion (see above). Densitometric analysis of PSD-95 and vGlut-1 immunoreactivity was performed in confocal z-plane images converted to gray scale by measuring the mean staining intensity with Fiji ImageJ. Three consecutive sections next to the KA/saline injection site were used in which the ROI was restricted to the middle molecular layer. In turn, the middle molecular layer was determined by the inner half of the molecular layer beginning from the upper border of the EGFP-positive mossy fiber plexus. Furthermore, PSD-95 protein was also identified within surface-reconstructed spines from 6 dendrites per mouse applying the same procedure as described above, with the exception that the baseline subtraction for the PSD-95 channel was set to 4% of the global maximum intensity. Inferring glutamatergic innervation of spines was again done in confocal z-stacks. Using the Imaris orthoslicer, all EGFP-positive spines along 6 individual dendrites (3 at the upper and 3 at the lower surface of the section) per mouse were manually targeted and analyzed by a blinded observer for either co-localization or juxtaposition with vGlut-1. Only dendrites within the middle molecular layer were considered, and spines were counted as "co-localized" when the EGFP and vGlut-1 signals were superimposed in one of the 3 image planes (x, y, z). This procedure instead of automatized 3D-reconstruction was necessary, because vGlut-1 signal intensity strongly decreased in deeper tissue.
Electron Microscopy and Ultrastructural Analysis
Transmission electron microscopy was carried out in doublestained ultrathin brain sections from BDA-traced Thy1-EGFP mice using a LEO 906E electron microscope (Zeiss). Photomicrographs from random sections were taken (15-25 for each mouse), and MPP synapses were analyzed using ImageSP software (Sysprog, Minsk, Belarus). MPP synapses were identified by presynaptic BDA-and postsynaptic GFP-labeling. Only synapses that exhibited distinct membrane borders, clearly visible presynaptic vesicles, and postsynaptic densities (PSDs) were selected for quantification. For each MPP synapse, the perimeter of the pre-and postsynaptic compartment as well as the length and number of PSDs per spine were determined. For the same data set, we additionally determined the fraction of 1) spines which exhibit "spinules" (defined by postsynaptic processes that invade the presynaptic terminal), 2) multiple-spine boutons (defined by presynaptic boutons that target >1 spine), and 3) presynaptic MPP boutons that targeted the dendritic shaft. All measurements were performed by a blinded investigator.
Statistical Analysis
For all values, mean and standard error of the mean (SEM) are given. For statistical testing, Prism 6 software (GraphPad, San Diego, USA) was used. Statistical outliers were identified with ROUT test (Q = 5%). Group comparison was performed either with an unpaired Student's t-test or with a 1-way ANOVA and Bonferroni's post-test, depending on the number of compared groups. Comparison of matched pairs was carried out using a paired Student's t-test. Significance thresholds were set to: *P < 0.05, **P < 0.01, ***P < 0.001. Correlation was tested using linear regression analysis (slope significantly nonzero, confidence interval set to 95%).
Electrophysiology
Slice Preparation and Recording Coronal brain slices (300 µm) were cut with a VT 1200 S vibratome (Leica) from control and KA-injected mice. Slices were kept in an artificial CSF (ACSF) consisting of 125 mM NaCl, 25 mM NaHCO 3 , 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM -glucose, 2 mM CaCl 2 , and 1 mM MgCl 2 (equilibrated with 95% O 2 and 5% CO 2 ) at RT. Recordings were performed at 31-34°C. Recording pipettes (wall thickness: 0.5 mm; inner diameter: 1 mm) were pulled from borosilicate glass tubing (Flaming-Brown P-97 puller, Sutter Instruments, Novato, USA) and filled with a solution containing 110 mM K-gluconate, 40 mM KCl, 10 mM HEPES, 2 mM MgCl 2 , 2 mM Na 2 ATP, 0.1 mM EGTA, and 0.2% biocytin (Invitrogen) ( pH 7.2; 290-310 mOsm). The final pipette resistance was 2.5-5 MΩ. Histological processing of slices for morphological analysis of DGCs was performed as previously described (Strüber et al. 2015) .
Whole-Cell Patch-Clamp Recordings
DGCs near the outer border of the GCL in the septal hippocampus were selectively targeted using infrared-differential interference contrast video microscopy to record from mature granule cells (input resistance, R in > 140 MΩ). Recordings were performed with a Multiclamp 700B (Molecular Devices, Sunnyvale, USA). Series resistance (<12 MΩ) was compensated in the voltageclamp (VC) mode at 75-85% (20-40 µs time lag) and in the current-clamp (CC) mode at 100% (5-10 µs time lag). Signals were filtered at 5 and 10 kHz and digitized at 20 or 40 kHz in the VC and CC mode, respectively, with a Power1401 laboratory interface (Cambridge Electronic Design, Cambridge, UK). Pulse generation and data acquisition were performed using FPulse running under Igor Pro 5.01 (Wavemetrics, Lake Oswego, USA) on a PC.
Extracellular MPP Stimulation
Extracellular monopolar stimulation electrodes (series resistance, 2-5 MΩ) were filled with a HEPES-buffered Na + -rich solution containing 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM HEPES. The stimulating electrode was placed in the middle molecular layer at a location consistent with the MPP. The recordings were made in the presence of 10 µM SR95531 (Tocris Bioscience) to block GABA A receptors. We applied an input-output stimulation protocol to DGCs at a holding potential (V hold ) of −80 mV. Extracellular stimulation pulses were applied with step-wise increases in stimulus intensity (0.1 ms duration, step size 0.2 V, max. 4 V, 10 traces at each step). Stimulus intensity was not further increased as soon as the cell started to generate action potentials.
Data Analysis
Data were analyzed using custom-made software (Stimfit 0.13.2, https://code.google.com/p/stimfit/). The R in was defined from the current measured upon a 10 mV 1 s voltage step. Membrane potentials were not corrected for the junction potential. Peak amplitudes of EPSCs are averages of 10 traces, calculated relative to the preceding baseline (V hold −80 mV). Mean peak amplitudes evoked at each stimulus intensity were normalized to the response at minimal stimulation (EPSC n /EPSC 1 ) and plotted against the applied stimulus intensity. All data are shown as mean ± SEM. The data were statistically tested using SigmaPlot (version 11.0, Systat Software GmbH, Erkrath, Germany). To compare EPSC size either at individual intensities or across all stimulation intensities, a Mann-Whitney U test or a 2-way ANOVA were applied, respectively. Significance levels are indicated as P values.
Results
Hippocampofugal Projections to the Dorsal Entorhinal Cortex Are Lost
CA1 pyramidal cells of the hippocampus give rise to efferent fibers which target pyramidal cells in the deep layers of the entorhinal cortex (Cenquizca and Swanson 2007) . Since CA1 is known to undergo extensive cell death in human MTLE (Blümcke et al. 2013 ) and in the KA mouse model (Marx et al. 2013) , we predicted that their output to the entorhinal cortex is also lost.
To verify this on a quantitative basis, we performed anterograde tracing of CA1 cells with BDA (N sal/BDA = 5; N KA/BDA = 5) and retrograde tracing of the MEC using FluoroGold (N sal/FG = 5; N KA/FG = 5) following saline and KA injection into the hippocampus. Under control conditions, anterogradely traced CA1 fibers from the septal hippocampus were found in Layer V/VI of the dorsal entorhinal cortex (Fig. 1A,B) . Correspondingly, retrograde tracing of the MEC demonstrated extensive labeling of cell somata throughout CA1 (Fig. 1C,D) . Note that we could not reproduce the projection from CA2 to MEC Layer II as reported by Rowland al. (2013) . In contrast, both anterogradely traced CA1 fibers and retrogradely traced CA1 pyramidal cells were not detectable in chronically epileptic mice following KA injection (Fig. 1F,H) , revealing that the hippocampofugal projection from CA1 to the entorhinal cortex appears to be is lost in the sclerotic region of the hippocampus. Note that the remaining pyramidal cells in the KA-injected sclerotic hippocampus mostly reside in the CA2 region (Fig. 1E ,G, also shown in Häussler et al. 2015) , however, we cannot fully exclude that also single CA1/3 pyramidal cells might survive. Due to the extensive loss of CA1 efferents to the entorhinal cortex, we focused on the entorhinal projection to the dentate gyrus via the MPP in the following experiments.
The Medial Perforant Path Is Preserved on a Mesoscopic Scale
Previous tracing studies have shown that the MEC projects via the MPP to the dentate gyrus in a topographically organized manner (van Groen et al. 2003; Witter 2007) . However, whether the structural organization of MEC fibers to the dentate gyrus is changed in chronic epilepsy remained unknown.
To address this question, we injected BDA into the MEC to trace MPP fibers to the septal hippocampus. We first tested different injection sites for reliable and successful labeling of MPP fibers along the septotemporal axis of the hippocampus. In line with previous studies (see above) we found that neurons localized in the mediodorsal MEC project to the septal hippocampus, while lateroventral neurons project to more temporal regions ( Fig. 2A-C) . Based on these results, injection coordinates targeting the mediodorsal MEC were chosen for the tracing of MPP fibers in the KA-or saline-injected hippocampus.
Comparable to controls (N sal = 5), chronically epileptic mice (21 days after KA, N KA = 5) displayed robust BDA labeling of MPP fibers present in the sclerotic hippocampus (Fig. 2D-K) . Despite a strong dispersion of DGCs, these fibers were organized in a highly laminar fashion similar to controls. Correspondingly, we found a strong increase in the width of the GCL ( Fig. 2L ; saline: 75.6 ± 4.3 µm, KA: 246.2 ± 12.6 µm, P < 0.001), whereas the width of the MPP did not change ( Fig. 2L ; saline: 61.6 ± 4.4 µm, KA: 57.4 ± 3.9 µm, P = 0.498). Densitometric analysis, however, revealed a slight decrease in the normalized optical density (arbitrary units) of BDA labeling by about 9% (Fig. 2M ; saline: 46.0 ± 1.1, KA: 42.1 ± 1.5, P < 0.05), which was not significant in a pair-wise comparison ( Fig. 2N ; saline: 55.9 ± 1.6, KA: 48.9 ± 4.2, P = 0.118), suggesting that the MPP fiber density is not changed following KA. Interestingly, thick axonal varicosities were present within the MPP following KA injection (Fig. 2J,K) pointing to a reorganization of MPP fibers. To exclude that the observed decrease in optical density results from a local expansion of the MPP fiber plexus depending on the degree of granule cell dispersion, individual optical density values were correlated with the GCL or MPP width (Fig. 2O-Q) . We observed a significant positive correlation between the width of the GCL and the optical density of the MPP (Fig. 2P ; s = 0.065, r 2 = 0.058, P < 0.05), whereas the optical density was not correlated with MPP width following KA injection ( Fig. 2Q ; s = −0.093, r 2 = 0.011, P = 0.319) indicating that the decrease in optical density is not due to local expansion of the MPP fiber plexus. In summary, the MPP appears preserved on a mesoscopic scale in chronic epilepsy. However, we cannot fully exclude a subtle loss of individual MPP fibers originating from the MEC.
Layer II Projection Neurons of the Medial Entorhinal Cortex Remain Intact
Next, we investigated whether MEC projection neurons were injured as a consequence of seizure activity originating from the KA-injected hippocampus (Fig. 3) . Therefore, NeuN staining was compared in healthy and chronically epileptic mice 3 weeks after saline (N sal = 4) or KA injection (N KA = 5). While the hippocampus showed a dramatic loss of pyramidal cells and neurons within the subiculum and the hilus in epileptic mice (Fig. 3A,E) , the entorhinal cortex appeared intact (Fig. 3C,G) . Detailed quantitative analysis, however, revealed a slightly but significantly reduced density of neurons in MEC Layer III, whereas Layer II neurons were preserved (Fig 3J; Layer III, saline: 3.12 ± 0.06/10 3 µm 2 ; KA:
2.28 ± 0.09/10 3 µm 2 , P ≤ 0.05; Layer II, saline: 2.37 ± 0.07/10 3 µm 2 ;
KA: 2.32 ± 0.08/10 3 µm 2 , P = 0.724).
To address the question whether afferent MPP fibers might be lost due to BDA infusion-mediated damage of parent MEC Layer II neurons, we performed FJB staining 1 day following BDA infusion in saline-(N sal = 4) and KA-injected (N KA = 4) mice and quantified the number of degenerating neurons identified by FJB labeling at the BDA injection site. Extensive FJB labeling was present in the sclerotic hippocampus in the CA3 and CA1 regions 2 weeks after KA, but sparing the GCL ( Fig. 3F ; see Marx et al. 2013 for quantification of FJB staining 2 days post KA). Importantly, cell death of CA1 pyramidal cells resulted in a dramatic loss of hippocampofugal afferents to the dorsal entorhinal cortex, which was validated by anterograde and retrograde tracing (Fig. 1 ). In contrast, cell death in the MEC was restricted to the injection site 1 day after BDA infusion ( Fig. 3D,H) . We did not encounter any quantitative differences in the number of FJB-labeled cells at the BDA injection site when comparing saline-and KA-injected mice ( Fig. 3L ; saline: 0.22 ± 0.09/10 3 µm 2 , KA: 0.23 ± 0.16/10 3 µm 2 , P = 0.922) showing that the degree of cell death due to iontophoretic infusion of BDA was the same in both groups.
New Putative Synaptic Contacts Are Formed Between Medial Perforant Path Terminals and Dentate Granule Cells
To investigate whether synaptic input from the MEC onto DGC dendrites was altered on the level of individual synapses, we used transgenic Thy1-EGFP mice (N sal = 8; N KA = 12) in which individual DGCs express EGFP in a Golgi-like fashion, enabling us to identify dendritic spines as postsynaptic partners for MPP terminals. Mice were intrahippocampally injected either with saline or with KA, followed by anterograde tracing of MEC neurons after 2 weeks and waiting for 1 additional week to ensure sufficient BDA transport. We also validated the reliable induction of epilepsy following KA in this mouse strain by intrahippocampal EEG recordings in a parallel set of experiments (see Supplementary Fig. 1 ). Confocal imaging and subsequent 3D-reconstruction of BDA-labeled MPP fibers (Fig. 4) and EGFP-labeled dendrites (Fig. 5) within the MPP termination zone allowed for automated detection of 1) MPP axonal varicosities (Fig. 4A1-3 ,B1-3; referred to as MPP boutons), 2) DGC spine-like postsynaptic protrusions ( Fig. 5C2,D2 ; referred to as DGC spines), and 3) spine-like structures in close proximity to putative MPP boutons ( Fig. 5C3,D3 ; referred to as MPP contacts). Quantitative analysis of MPP boutons revealed a nonsignificant increase in density (saline: 13.36 ± 2.07/ 10 3 µm 3 , KA: 19.69 ± 3.32/10 3 µm 3 , P = 0.179; data not shown) and mean bouton size ( Fig. 4D ; saline: 0.53 ± 0.05 µm 3 , KA: 0.78 ± 0.14 µm 3 , P = 0.176). Importantly, the number of detected MPP boutons was significantly correlated with the BDA-infused area in the MEC ( Fig. 4E ; s = 0.21, r 2 = 0.366, P = 0.005). Therefore, counts for MPP boutons were normalized to the infused area or additionally compared in a pair-wise manner (see Material and Methods) ensuring that only differences were detected which result from the epileptic condition. Correspondingly, normalized values for the MPP bouton density still showed a nonsignificant increase ( Fig. 4F ; saline: 9.55 ± 1.59/10 3 µm 3 , KA: 14.83 ± 2.57/10 3 µm 3 , P = 0.149), but the pair-wise analysis revealed a robust increase in bouton density ( Fig. 4G ; saline: 13.36 ± 2.07/10 3 µm 3 , KA: 25.16 ± 3.50/10 3 µm 3 , P < 0.01). To analyze here upon the connectivity between individual MPP terminals and their postsynaptic partners on DGCs, dendritic spines were first reconstructed and then analyzed for co-localization with BDA. Intriguingly, spine densities on dendritic segments within the middle molecular layer increased by over 60% ( Fig. 5E ; saline: 1.1 ± 0.1/µm, KA: 1.8 ± 0.1/µm, P < 0.001). The mean length of these spines was not different from controls ( Fig. 5F ; saline: 1.13 ± 0.04 µm, KA: 1.00 ± 0.08 µm, P = 0.199). To differentiate between different spine classes, we analyzed a subset of these mice (N sal = 5; N KA = 5) by an automated spine shape classification algorithm (see Material and Methods). We found a comparable increase in the density of spines from all classes, whereas the relative fraction of spine classes did not change significantly [ Fig. 5G-I ; stubby spines, saline: 0.32 ± 0.03/ µm (30.8%), KA: 0.47 ± 0.04/µm (24.6%), P < 0.05; mushroom spines, saline: 0.26 ± 0.05/µm (21.6%), KA: 0.44 ± 0.03/µm (22.6%), P < 0.05; thin spines, saline: 0.20 ± 0.02/µm (18%), KA: 0.37 ± 0.04/ µm (20%), P < 0.01; filopodial extensions, saline: 0.35 ± 0.05/µm (29.6%), KA: 0.64 ± 0.09/µm (32.8%), P < 0.05]. We also quantified the number of spines that were in close apposition to BDAlabeled MPP boutons and found that the density of these putative MPP contacts at DGC dendrites had more than doubled (Fig. 5J,K ; (E) Quantitative analysis reveals that the spine density at dendritic segments within the MPP termination zone is increased (Nsal = 7, NKA = 11; unpaired Student's t-test; ***P < 0.001), and (G-I) is evident for all spine classes (Nsal = 7, N KA = 11; 1-way ANOVA, Bonferroni's post-test; *P < 0.01; **P < 0.01). (F) However, the mean length of spines does not change (N sal = 7, N KA = 11; unpaired Student's t-test). (J-M) On the same dendritic segments also the density and the fraction of spines that are putatively contacted by MPP varicosities is significantly increased following KA. (N and O) Correspondingly, the contact area per spine (calculated as the ratio) is enlarged. N sal = 7, N KA = 11; unpaired Student's t-test for group comparison of normalized values, and paired Student's t-test for matched-pair analysis; *P < 0.05; **P < 0.01. All values are given as mean + SEM. normalized values, saline: 0.07 ± 0.01/µm, KA: 0.20 ± 0.04/µm, P < 0.05; matched-pairs analysis, saline: 0.06 ± 0.01/µm, KA: 0.25 ± 0.06/µm, P < 0.01) which was also observed when comparing the fractions of spines that received putative MPP input ( Fig. 5L,M ; normalized values, saline: 5.9 ± 0.9%, KA: 13.3 ± 3.0%, P = 0.089; matched-pairs analysis, saline: 6.7 ± 1.2%, KA: 16.7 ± 3.9%, P < 0.05). Furthermore, the relative size of putative MPP contacts per dendrite was significantly enlarged when matching-pairs of mice were compared ( Fig. 5O ; saline: 0.028 ± 0.005 µm 2 , KA: 0.089 ± 0.027 µm 2 , P < 0.05). These results indicate that MPP afferents establish more synaptic connections with DGCs in chronically epileptic mice. Next, we characterized these putative synaptic contacts by immunohistochemistry for the postsynaptic density protein 95 (PSD-95), a marker for mature spines, and for the vesicular glutamate transporter 1 (vGlut-1), a marker for functional glutamatergic presynaptic terminals (Fig. 6) . We compared the expression of both markers in the middle molecular layer between saline-(N sal = 5) and KA-injected (N KA = 5) mice. PSD-95 was present in a subset of EGFP-positive spines (Fig. 6A-D ) and densitometric analysis in confocal z-plane images demonstrated a significant increase in PSD-95 immunoreactivity (arbitrary units) by about 22% ( Fig. 6E ; saline: 9.30 ± 0.46, KA: 11.35 ± 0.23, P < 0.01). Correspondingly, the density of reconstructed spines co-localizing with PSD-95 also increased by about 2-fold ( Fig. 6F ; saline: 0.50 ± 0.15/µm, KA: 1.20 ± 0.23/µm, P < 0.05) indicating a de novo formation of functionally mature spines. Similar to the increase in PSD-95 profiles, the optical density for vGlut-1 was also increased within the middle molecular layer ( Fig. 6O ; saline: 31.73 ± 0.89, KA: 36.12 ± 0.90, P < 0.01). When analyzing the spatial association of postsynaptic spines with presynaptic vGlut-1, we found a significant rise in the density of spines co-localized or juxtaposed with vGlut-1-positive profiles ( Fig. 6P,Q ; co-localized, saline: 0.28 ± 0.02/µm, KA: 0.54 ± 0.04/µm, P < 0.001; juxtaposed, saline: 0.07 ± 0.01/µm, KA: 0.13 ± 0.01/µm, P < 0.05; these spine densities are based on spine counts in 2 dimensions and are therefore lower compared to our results in Fig. 5E ), suggesting that newly generated spines do indeed receive glutamatergic input. In contrast, inhibitory synapses on DGC somata and dendrites were lost extensively (see Supplementary Fig. 3) .
In summary, our data indicate that in chronic epilepsy, new mature excitatory synapses are established between DGC dendrites and MPP fibers.
Synapses of the Medial Perforant Path Are Enlarged
Next, we analyzed MPP synapses on the ultrastructural level to address the question whether these synapses build functional contacts. To this end, we used BDA-traced transgenic Thy1-EGFP mice (N sal = 6; N KA = 7) and performed double-labeling of BDA and GFP to identify presynaptic boutons and postsynaptic contact sites by transmission electron microscopy.
Both presynaptic MPP terminals and postsynaptic spines displayed several ultrastructural alterations following KA (Fig. 7) . By calculating the perimeter of co-labeled pairs from presynaptic boutons and postsynaptic spines, we found a considerable enlargement of both compartments ( Fig. 7D,E ; bouton-perimeter, saline: 1532 ± 100 nm, KA: 2838 ± 76 nm, P < 0.0001; spine-perimeter, saline: 1318 ± 84 nm, KA: 2439 ± 96 nm, P < 0.0001). Linear regression analysis revealed that the size of pre-and postsynaptic compartments of individual MPP synapses was positively correlated under both conditions ( values are mean + SEM; *P < 0.05, **P < 0.001, ***P < 0.001. Furthermore, the number of postsynaptic densities per spine doubled (also referred to as "perforated" PSDs; Fig. 7H ; saline: 1.07 ± 0.03/spine, KA: 1.90 ± 0.11/spine, P < 0.0001) as well as its mean summed length increased >2-fold following KA ( Fig. 7G ; saline 163.6 ± 6.3 nm/spine, KA: 390.8 ± 11.7 nm/spine, P < 0.0001) and was positively correlated with spine size ( Fig. 7I ; saline: s = 0.06, r 2 = 0.15, P < 0.0001; KA: s = 0.11, r 2 = 0.17, P < 0.0001). In addition, spines frequently exhibited protrusions invading the presynaptic terminal (Fig. 7M -O,S; saline: 4.6 ± 1.6%, KA: 19.9 ± 3.8, P < 0.01) and multiple spines often shared a presynaptic bouton (referred to as multiple-spine boutons; Fig. 7P -R and 7T; saline: 5.8 ± 2.5%, KA: 23.7 ± 2.3, P < 0.001). Moreover, presynaptic boutons projecting onto dendritic shafts instead of spines were evident following KA ( Fig. 7U ; saline: 0.03 ± 0.02, KA: 3.96 ± 1.85; P = 0.094). Taken together, in the epileptic dentate gyrus, MPP synapses exhibit ultrastructural features reminiscent of potentiated synaptic contacts.
Excitatory Postsynaptic Signaling of Medial Perforant Path-Mediated Input Is Enhanced
Our morphological and molecular findings pointed to functional synaptic changes of entorhinal inputs. We therefore examined whether synaptic excitation mediated by MPP inputs was altered. We performed whole-cell recordings of DGCs during extracellular stimulation of MPP inputs in the middle molecular layer of acute hippocampal slices (Fig. 8 ). Cells were filled with biocytin during recordings for subsequent morphological identification. All cells showed soma locations in the outer part of the GCL with dendritic distributions characteristic for mature DGCs (Fig. 8A,B) . Moreover, they generated characteristic accommodating trains of action potentials upon long-lasting depolarization (Fig. 8D) . Overall the series resistances (R s ) and the input resistances (R in ) did not vary considerably between cells (R s , saline: 9.8 ± 0.5 MΩ, KA: 12.7 ± 1.2 MΩ; R in , saline: 229.2 ± 21.3 MΩ, KA 248.5 ± 23.3 MΩ; 12 and 24 cells from 5 and 8 mice, respectively). Raw data of peak responses at 50% of the stimulation amplitude, which was needed to elicit an action potential, were spread broadly between all cells. We therefore normalized the peak excitatory postsynaptic current (EPSC) at each stimulation intensity to the first response measured at 0.2 V stimulation and only considered cells displaying a low R s (≤12 MΩ). Quantitative analysis for normalized EPSCs of recorded cells from KA-and saline-injected mice showed no significant differences when all cells were included (data not shown). However, about 25% of DGCs displayed a significantly steeper rise in evoked EPSC size across all stimulus intensities ( Fig. 8E ; difference in EPSCs tested across all data points, P = 0.002), and the normalized size of evoked EPSCs was almost doubled independent of the stimulus intensity. These cells exhibited a decreased R in (160.5 ± 37.6 MΩ, for KA-injected mice, N = 6 cells; compared with 300.0 ± 22.8 MΩ for controls; N = 5 cells), as described previously for the epileptic dentate gyrus by Young et al. (2009) and Stegen et al. (2009) , and were located within the strongly dispersed GCL (width of the GCL: 263.2 ± 4.4 µm for KA-injected mice, N = 4 mice; compared with 84.0 ± 4.9 µm for controls, N = 3 mice), exclusively.
In summary, we show that a subset of DGCs display a robust increase in evoked EPSCs, which indicate a strengthening of synaptic input in the MPP termination zone.
Discussion
The present study provides a detailed analysis of structural reorganization in the hippocampal-entorhinal network, elaborating on synaptic plasticity of the MPP upon KA-induced epilepsy and its influence on DGCs excitability. We show that hippocampo-entorhinal projections are lost extensively, whereas MPP projections are preserved but appear substantially altered on the level of individual synapses. New contacts are established between MPP fibers and DGCs. Moreover, MPP synapses are enlarged and MPP-mediated excitatory responses of DGCs are enhanced. Thus, our results suggest that remodeling of MPP synapses strengthens the excitatory input to the dentate gyrus, which in turn may contribute to an epileptic hippocampal circuitry in MTLE (Fig. 9 ).
Cell Loss in the Epileptic Entorhinal-Hippocampal Network
Neurodegeneration in the entorhinal-hippocampal network is a common histopathological feature in TLE (see introduction), which is supported by our finding that hippocampal pyramidal cells and MEC Layer III neurons degenerate following intrahippocampal KA injection. Interestingly, surviving CA1 pyramidal cells display a paroxysmal depolarization shift under epileptic conditions (Langlois et al. 2010) , and loss of MEC Layer III principal neurons increases the excitability of CA1 and MEC Layer II projection neurons (Kobayashi et al. 2003; Wozny et al. 2005) , suggesting their involvement in seizure generation. In our study, however, CA1 pyramidal cells were lost extensively, whereas MEC Layer III neurons were only mildly affected indicating a different pathomechanism. Therefore, the perforant path might play a pivotal role in MTLE with strong hippocampal sclerosis but intact entorhinal cytoarchitecture.
Plasticity of the Entorhinal Afferents in the Epileptic Dentate Gyrus
DGCs receive major glutamatergic input from the entorhinal cortex. Using anterograde neuronal tracing, we labeled a fraction of this input to septal parts of the dentate gyrus, coming from the dorsal MEC.
In KA-injected epileptic mice, we demonstrated that the laminar organization of the MPP stays intact, although DGCs dispersed massively. Apparently, the displacement of DGCs does not cause a corresponding displacement of the MPP fiber plexus. One explanation for this finding could be that during dispersion only DGC somata migrate, leaving the dendritic arrangement intact. Accordingly, there is recent evidence that DGCs migrate by somatic translocation following KA treatment in vitro (Murphy and Danzer 2011; Chai et al. 2014) . Certainly, it is also reasonable to assume that in vivo DGC dendrites are displaced during dispersion, because their bifurcation angle is increased in MTLE patients (Freiman et al. 2011) . A displacement of dendritic arbors would imply stripping of presynaptic boutons to release the migrating neurons. However, we demonstrated that MPP terminals still contact dendritic spines in chronically epileptic mice.
Furthermore, we showed that MEC Layer II neurons survive following KA supporting the notion of intact afferents to the dentate gyrus. Thus, retaining lamination might involve increased motility of MPP terminals during epileptogenesis. In fact, occurrence of dynamic axon terminals, possibly searching for new postsynaptic partners Nikonenko et al. 2003) , was reported following high-frequency stimulation, glutamate, or brain-derived neurotrophic factor (BDNF) application in organotypic hippocampal slice cultures (De Paola et al. 2003) . Similar mechanisms could also apply to the present study, in which seizure activity (Arabadzisz et al. 2005; Häussler et al. 2012 ) and increased levels of BDNF represent pathological hallmarks (Suzuki et al. 1995; Heinrich et al. 2006 Heinrich et al. , 2011 . Considering that BDNF acts retrogradely to induce presynaptic plasticity (Tao and Poo 2001; Zweifel et al. 2005) , we hypothesize that increased BDNF expression in DGCs affects MPP reorganization.
Indeed, we demonstrated that MPP boutons are increased in number and enlarged considerably on the ultrastructural level under epileptic conditions. Although not quantified due to masking effects of the DAB-labeling, a constant ratio of presynaptic vesicles per volume implies increased presynaptic efficiency. Enlargement of axonal varicosities with a corresponding increase in synaptic strength have been demonstrated for experience-dependent plasticity in pyramidal cells of the rat barrel cortex in vivo (Cheetham et al. 2014) , classical conditioning of auditory nerve terminals in vitro (Li et al. 2011) and in a synaptic strengthening model at the neuromuscular junction (Weyhersmuller et al. 2011) .
A Role for LTP-Related Synaptogenesis in the Epileptic Dentate Gyrus
Spines are dynamic postsynaptic structures specialized for excitatory neurotransmission (Nimchinsky et al. 2002) . Spine formation can be induced within minutes by presynaptic contact (Friedman et al. 2000; Bresler et al. 2001) or glutamate alone (Kwon and Sabatini 2011) .
In the present study, we show that in chronically epileptic mice new spines are formed within the MPP termination zone. These spines are unlikely to attenuate incoming signals by compensatory morphogenesis (Araya et al. 2014) , because the mean spine length was not increased. Vuksic et al. (2008) determined the mean spine density of DGCs as 1.2 spines/µm, being in line with our findings under control conditions. Previous studies These synapses exhibit (c) ultrastructural features reminiscent of LTP-like plasticity and most likely increase the excitatory drive to the epileptic dentate gyrus.
have shown that the DGC spine density is either decreased in epileptic patients (Swann et al 2000; Freiman et al. 2011) or does not change significantly in chronically epileptic mice following intrahippocampal KA injection (Suzuki et al. 1997 ). These studies are methodologically different from ours, which could account for diverging results. The main difference lies in the fact that we took a lamina-specific approach focusing on spine alterations in the MPP termination zone exclusively. Moreover, spine loss has been reported to be accompanied by focal varicose swellings and is considered as a feature of dendritic injury (Swann et al. 2000; Wong and Guo 2013) . We did not encounter such dendritic abnormalities within the middle molecular layer suggesting that low-power epileptiform activity at the KA injection site (Häussler et al. 2012) does not exert overall excitotoxic injury, but rather stimulates lamina-specific spinogenesis. Indeed, seizure activity promotes long-term potentiation (LTP) in the hippocampus (Ben-Ari and Gho 1988), which in turn is capable to induce spine formation on CA1 pyramidal cells in vitro (Engert and Bonhoeffer 1999; Maletic-Savatic et al. 1999; Toni et al. 1999) and on DGCs in vivo (Trommald et al. 1996) .
Our ultrastructural analysis supports the activity-dependent morphogenesis of MPP synapses in epileptic mice. Spine heads were substantially enlarged and exhibited a more complex structure. Importantly, the number and total length of PSDs per spine also increased, predicting an enhanced postsynaptic efficiency as discussed by Malenka and Nicoll (1999) , because spine head size and PSD length positively correlate with the integration of AMPA and NMDA receptors (Nusser et al. 1998; Takumi et al. 1999; Racca et al. 2000) and mediated currents (Matsuzaki et al. 2001; Noguchi et al. 2005) . Accordingly, the enlarged MPP synapses under epileptic conditions shown in our study might result in synaptic potentiation. In line with this, the aforementioned ultrastructural alterations are well known for LTP-induced structural plasticity (Hering and Sheng 2001; Yuste and Bonhoeffer 2001; Frotscher et al. 2014) caused by perforant path stimulation using both LTP (van Harreveld and Fifkova 1975; Fifkova and Anderson 1981; Desmond and Levy 1983 , 1986a , 1986b or kindling protocols (Geinisman et al. 1990 ). LTP-induced enlargement and subsequent segmentation of PSDs represent an early phase of spine duplication leading to the formation of multiple-spine boutons, as suggested by Toni et al. (1999 Toni et al. ( , 2001 and Nikonenko et al. (2002) . Both perforated PSDs and multiple-spine boutons were evident in our study, which further argues for activity-dependent spinogenesis under epileptic conditions. De novo spine formation is also supported by our finding that PSD-95 protein increased within the middle molecular layer, as it is critical for spine generation (El-Husseini et al. 2000) and maturation (Friedman et al. 2000) . Correspondingly, we also showed that the number of PSD-95-positive spines is increased, indicating that new functionally mature synapses are formed.
Taking into account that spines can emerge without the presence of presynaptic elements following perforant path lesion (Perederiy et al. 2013) , it can be debated whether all new spines are contacted by presynaptic partners. We demonstrated, however, that following KA the fraction of spines associated with MPP varicosities and glutamatergic boutons increased substantially. This suggests that newly generated spines do receive glutamatergic input from the MPP.
Functional Implications
The formation and enlargement of MPP synapses suggest that the functional input on dispersed DGCs within the middle molecular layer is considerably altered. Indeed, we showed by extracellular stimulation of the MPP that induced excitatory postsynaptic responses are increased in a subpopulation of DGCs under epileptic conditions. This observation indicates that the net outcome of synaptic reorganization following KA might increase the excitatory drive to DGCs by entorhinal inputs. This is remarkable, because previous studies have shown that the intrinsic excitability of DGCs in the sclerotic hippocampus is reduced, caused by the shunting influence of upregulated HCN1 and Kir2 channels Stegen et al. 2012) . However, it is well conceivable that increased input on a small number of DGCs might severely affect the hippocampal network, since computational modeling approaches revealed that incorporating 5% hyperconnected "hub-cells" into the dentate gyrus is sufficient to greatly enhance network activity following perforant path stimulation (Morgan and Soltesz 2008) . Taken together, we hypothesize that a strengthened excitatory input from the MEC might overpower compensatory rescaling of epileptic DGCs and thus contributing to a pro-epileptogenic network.
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/.
Funding
